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Outline
• CAPTAIN WNR Runs: reconstructing neutrons for fun 

and profit at energy ranges that are important for LBNE 

• Supernova neutrinos: the signal 

• Cosmogenic argon activation: BACON and CAPTAIN 

• A few words about neutrino oscillations: neutrons 
are sneaky 

• A beautiful mess: lots of things can happen in argon 

• Conclusions: this is not just an R&D project, we’ve got 
a lot of physics to do here!



CAPTAIN WNR Runs
• High intensity run: look for neutron activation of the argon 

• Low-intensity run: 

• (Low energy) look at neutrino-like interactions, esp. final 
state de-excitation gammas 

• (High energy) build a library of neutron event topologies, 
to help with neutrino energy reconstruction, especially with 
respect to pion production in liquid argon



Supernova Signal
• Supernova signal is at much 

lower energy than the LBNE 
oscillation analysis 

• But there is a lot to be learned 
from both the spectrum and its 
time evolution
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of the cross section
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Changes the amplitude of 
the above spectrum as a 

function of time

Changes the location of 
the peak in the above 
spectrum over time

“Visible Energy” is just flux ⊗ 
cross section. Actual events 
could leave even less energy



Different Energy, Different Backgrounds
• To see the supernova signal, we would like a threshold 

below 10 MeV, but… 
• This gets us to a range where we have to start worrying 

about radioactive decays from cosmogenic isotopes,
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Wait… 40Cl?
• This stuff is just made with 40Ar(n,p)40Cl.  Hasn’t this been 

measured and calculated before? 
• Well, sort of… 
• No data above 

15 MeV, and the 
calculations 
disagree by a 
factor of two 

• It would be really 
nice to even see 
the peak of the 
production cross 
section…

theories$differ$by$factor$
of$two$

data$not$consistent$

no$data$at$all$$
above$15$MeV$

Phys. Rev. C, 86 (2012) 041602
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Two Sets of Measurements

At UC Davis with BACON At LANL with CAPTAIN

/27 

The flight path 
•  Spallation neutrons produced 

by proton interactions in a W 
target 

•  Time structure of the beam 
•  sub-nanosecond micro pulses 1.8 

microseconds apart within a 625 
µs long macro pulse  

•  Repetition rate: 40 Hz 

•  The same target serves 
multiple flight paths 
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25 ms 
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Motivation 

•  After the collimator we expect ~ 300 neutrons/micro-spill 
•  1 cm2 collimator assumed 
•  Ideally we would like to have 1 neutron/drift time ~ 650 µs 
•  All the neutrons will interact in the TPC  

•  mean free path at 20 MeV ~ 25 cm 
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•  Can we achieve a low 
enough neutron flux? 

•  And can we still trigger 
on the accelerator pick-
off signal? 
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BACON at UC Davis
• BACON (Big Argon Counter of 

Neutrons) is a scintillation only LAr 
detector with a well geometry (built 
with NA22 money at LANL). 

• Ran at LANSCE in Nov. 2013, being 
shipped to UCD immanently for 
neutron running there. 

• Will cook BACON with neutrons until 
40Cl hits saturation, then watch it 
decay away with its 90-second half 
life, and extract the production 
cross section. 

• Also planning a side measurement 
at UCD with small LAr dewar and a 
HPGe counter

BACON at LANL/LANSCE/WNR in November 2013
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(n,X) Cross Sections at LANSCE
• The beam at UCD, and ENDF only go up to about 60 MeV. 
• Some cross sections turned off by then, some have not! 
• The LANSCE beam has a much higher energy, and CAPTAIN 

has much more information for each event. 
• This will let us look for 

many more neutron 
activation products. 

• The BACON program 
is  a great start, but is 
not enough!
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This one is running 
out of gas by 60 MeV, 

but this one is just 
getting started.
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other physics in this energy range. Experimental and sim-
ulated cosmic ray interaction cross sections with 40Ar and
cosmic ray component fluxes were researched and compiled
into a total cosmogenic activation background model. In
addition, alpha, beta, and gamma emissions from natural ra-
dioactivity were calculated for the purpose of combination
with data on the abundance of these elements in the detector
components to create an intrinsic background model.

II. Methods

I. Cosmogenic Background
Cosmic rays travelling through the detector interact inelasti-
cally with the 40Ar nuclei changing the number of neutrons
or protons resulting in a different residual nucleus. Many of
these residual nuclei are unstable and undergo beta decays
that make up a substantial low energy background we seek
to estimate.

Because the depth at which the LBNE detector will be
constructed is still undecided, calculations of this cosmo-
genic background were made at three depths: sea level,
800ft underground, and 4850ft underground. On the sur-
face, neutron and proton components of the cosmogenic
flux were accounted for, while underground, the cosmo-
genic proton flux was ignored, because of the proton’s short
attenuation length in matter. The cosmogenic neutron flux
at the surface was taken from experimental data in [3]. The
proton flux at the surface and the neutron flux underground
were taken from FLUKA and Geant4 monte carlo simula-
tions in [4] and [5]. These cosmic ray spectra are given in
Figure 1.
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Figure 1: Cosmic Ray-Induced Fluxes at Depth

The component of the detector background due to cos-
mogenic activation was estimated using neutron and proton

cross sections on 40Ar taken from the Evaluated Nuclear
Data File (ENDF) database. Figures 2 and 3 display every
included cross section for neutrons and protons as well
as the energy ranges and specific libraries included in the
calculation. For most of the neutron cross sections, the
EAF-2010 library [6] was chosen because it contained data
for the largest number of reaction channels and over the
largest energy range: 0MeV to 60MeV. For reaction channels
not included in this library, the TENDL-2012 library [6],
with data in the energy range 0MeV to 30MeV was used.
Proton cross sections were chosen using a similar logic. The
MENDL-2 library [7] contained data for the greatest num-
ber of reaction channels, hence was selected for use, and
TENDL-2009 [7] was used as a supplement. The energy
range available for the proton cross section data is much
larger: 0MeV to 200MeV.
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There are a lot of cross sections 
to worry about, and these are 

just the ones in ENDF!



Argon De-Excitation Gammas
• Most of the counts in the 

observable spectrum come from 
the charged current interaction:
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• There is also a neutral current 
interaction that could help 
normalize the total neutrino flux:

⌫
x
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• The low-energy, low-intensity neutron run in CAPTAIN will 
allow us to look for the de-excitation gammas through:

n+40 Ar ! n+40 Ar⇤n+40 Ar ! n+40 Ar⇤ Inelastic neutron scattering in argon was measured in 
the GEANIE flight path at WNR (Phys. Rev. C 85 

(2012) 064614), but only for gammas up to 4 MeV. 

There is evidence for 40Ar gammas above 4 MeV as 
well (Phys. Rev. C 73 (2006) 054306)
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• For the main oscillation 
analysis, we measure 
the energy and strength 
of the νμ→νe oscillation 
probability. 

• You have to see more 
than one node to break 
the degeneracy between 
mass hierarchy and δCP.

LBNE Oscillation Analysis

INTRODUCTION

Experimental observations [1–10] have shown that neutrinos have mass and undergo flavor

oscillations due to mixing between the mass states and flavor states. For three neutrino
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+↵

cos �
CP

cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23
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OK…!
So what?



• The LBNE baseline locks you into a neutrino energy range that 
is harder to reconstruct than others… 

• Resonance production and final state nuclear effects can hide 
energy from your reconstruction techniques. 

• Uncharged resonances 
can deposit energy far 
from the neutrino vertex, 
making those depositions 
hard to associate with said 
vertex and pushing events 
to lower energy 

• We have to correct for this in the oscillation analysis!

Neutrino Beam Run I – NuMI Beamline 

•  Running CAPTAIN in NuMI beamline 
(on-axis with medium energy tune) will 
shed light on lack of cross-section data 
between 1 – 10 GeV 
 

•  Complimentary measurements to 
MicroBooNE (booster beamline) = total 
sampling of LBNE energy spectrum  
 

•  CAPTAIN is about 20 times larger than 
ArgoNEUT = higher statistics 
 

•  Monte Carlo studies show about 10% of 
all neutrino events will be contained 
(everything but the lepton and neutrons) = 
3.7×105 contained CC events / year 

August 15, 2013 DPF 2013 - UC Santa Cruz 10 

(Assuming 4×1020 POT) 

Resonance Production Blues…



Looking for Neutrons in LAr
• Reconstructing neutrons in LAr is still a 

really ill-defined problem. 
• We don’t even really know how far away 

from the primary vertex we should be 
looking! 

• The library of neutron interactions will help.

Elena Guardincerri
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Pion Production in CAPTAIN
• Pion production has been measured in many nuclear targets 

• A2/3 scaling means that the production of pions is well predicted 

• The ways that pions are absorbed in argon is not as well understood.   

• The CAPTAIN high-energy, low-intensity run will address this!
Phys. Rev. C 45 (1992) 2243



Conclusions
• The CAPTAIN (and related) neutron program will pin down a 

number of important systematic uncertainties vital to LBNE. 

• The low-energy program will not work unless someone works 
to understand these nuclear physics backgrounds, but… 

• …these measurements are not just important to the LBNE 
low-energy program! 

• The main LBNE analysis needs this work as well, because 
resonance production is so strong at LBNE neutrino 
energies!



Thank you for your attention. 
Any questions?

San Antonio Hot Springs in the Jemez Mountains near Los Alamos 
Photograph by V.M. Gehman, December, 2005


